Edited by Jack Halpern, The University of Chicago, Chicago, IL, and approved July 23, 2012 (received for review March 15, 2012) Most chemiluminescence (CL) reactions usually generate only onestep CL, which is rarely dependent on the highly reactive and biologically/environmentally important hydroxyl radicals ( • OH). Here, we show that an unprecedented two-step CL can be produced by the carcinogenic tetrachloro-1,4-benzoquinone (also known as pchloranil) and H 2 O 2 , which was found to be well-correlated to and directly dependent on its two-step metal-independent production of • OH. We proposed that • OH-dependent formation of quinonedioxetane and electronically excited carbonyl species might be responsible for this unusual two-step CL production by tetrachloro-1,4-benzoquinone/H 2 O 2 . This is a unique report of a previously undefined two-step CL-producing system that is dependent on intrinsically formed
• OH. These findings may have potential applications in detecting and quantifying • OH and the ubiquitous polyhalogenated aromatic carcinogens, which may have broad biological and environmental implications for future research on these types of important species.
halogenated quinones | trichlorohydroxy-1,4-benzoquinone | dichloromaleic acid | halogenated phenols | light emission P olyhalogenated quinones are a class of toxicological intermediates that can cause acute hepatoxicity, nephrotoxicity, and carcinogenesis (1, 2) . They have also been observed as reactive oxidation intermediates or products in processes used to oxidize or destroy polychlorinated persistent organic pollutants in various chemical and enzymatic systems (3) (4) (5) (6) (7) . More recently, several polyhalogenated quinones, which are suspected bladder carcinogens, were identified as new chlorination disinfection byproducts in drinking water (7) . Tetrachloro-1,4-benzoquinone (TCBQ) is one of the major genotoxic and carcinogenic quinoid metabolites of the widely used wood preservative pentachlorophenol (PCP), which has been found in over one-fifth of the National Priorities List sites identified by the US Environmental Protection Agency and classified as a group 2B environmental carcinogen (3). TCBQ itself has been widely used as a fungicide for treatment of seeds, and as an oxidizing or dehydrating agent in organic synthesis (often called p-chloranil).
The hydroxyl radical ( • OH) is an extremely reactive oxidant, important in chemistry, biology, medicine, and atmospheric and environmental science (3, (8) (9) (10) (11) (12) (13) . In biology,
• OH is recognized as the most reactive and harmful of the so-called reactive oxygen species (ROS), which can cause DNA, protein, and lipid oxidation (8) (9) (10) . Cancer, arthritis, and Parkinson's disease are but a few of the ailments that are linked to • OH (8) . In environmental and atmospheric chemistry, • OH is also important because of its ability to oxidize and destroy organic pollutants efficiently and has been referred to as the atmosphere's "detergent" (3) (4) (5) (6) (11) (12) (13) . One of the most widely accepted mechanisms for • OH production is through the transition metal-catalyzed Fenton reaction (3, (8) (9) (10) . Recently, however, we found that • OH could be produced independent of transition metal ions by hydrogen peroxide (H 2 O 2 ) with TCBQ and other halogenated quinones (14, 15) . A unique nucleophilic substitution coupled with homolytic decomposition reaction mechanism was proposed (3, 15) . We also found that alkoxyl and carbon-centered quinone ketoxy radicals could be produced by halogenated quinone-mediated decomposition of organic hydroperoxides through a similar mechanism (16) (17) (18) . Interestingly, it was recently observed by others that, in the presence of fluorescent agent riboflavin, chemiluminescence (CL) could be produced by H 2 O 2 and brominated quinoid compounds isolated from acorn worm, a luminous marine organism (19) . However, neither the underlying molecular mechanism for CL production nor its possible correlation with • OH production is clear.
Therefore, in the present study we addressed the following questions: (i) Can CL be produced by halogenated quinones and (Fig. 1A) . In contrast, neither TCBQ nor H 2 O 2 alone could produce any CL (Fig. 1A) . The intensity of the CL was found to be dependent on both TCBQ and H 2 O 2 : The higher the concentrations of TCBQ and H 2 O 2 , the stronger the CL (Fig. 1B and C) . The CL was also found to depend on pH of the buffer: No CL was observed at pH ≤ 3, but as the pH was increased the intensity of CL increased progressively, then reached maximum at pH 9; further increase of pH, however, led to a decline of CL intensity (Fig. 1D) . The approximate CL quantum yield for TCBQ∕H 2 O 2 system was found to be about ð4.36 AE 0.05Þ × 10 −6 E mol −1 , which was determined by using luminol as the relative standard (20) . This suggests that the CL emission from TCBQ∕H 2 O 2 system is a low-level CL.
More interestingly, an unusual two-step CL was found to be produced by TCBQ and H 2 O 2 : The first one was strong but shortlived (2-6 sec) with maximum CL emission at band 490-535 nm, and the second one was weak but lasted longer (≥120 sec) with maximum at band 535-555 nm ( Fig. 1A and E) .
Analogous two-step CL was observed when TCBQ was substituted with other tetrahalogenated quinones, including tetrabro-mo-1,4-benzoquinones and their corresponding hydroquinone forms, as well as tetrabromo-and tetrachloro-1,2-benzoquinones (Figs. S1 and S2). These findings demonstrated that the two-step CL production is a general phenomenon between H 2 O 2 and all tetrahalogenated quinoid compounds.
The Two-Step CL Production by TCBQ∕H 2 O 2 Was Found to Be Well Correlated to Its Two-Step Hydroxyl Radical Production. We showed recently that • OH could be produced by TCBQ with H 2 O 2 through a previously undefined mechanism of nucleophilic substitution followed by homolytical decomposition (15) . Based on this mechanism, we hypothesized that the initial transient intermediate trichlorohydroxy-1,4-benzoquinone (TrCBQ-O − ) may further react with excess H 2 O 2 to produce another molecule of
• OH and 2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone (DDBQ, also called chloranilic acid) (3) . In other words, the production of • OH by TCBQ∕H 2 O 2 might be also a two-step process.
To test whether this is the case and whether there is any correlation between • OH and CL production by TCBQ∕H 2 O 2 , the reaction between TCBQ and H 2 O 2 was further studied by complementary application of various analytical methods.
The initial transient intermediate and final products between TCBQ and H 2 O 2 were identified by electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-Q-TOF-MS). As expected, we found that, in the presence of excess H 2 O 2 , TCBQ was first converted to the initial transient intermediate TrCBQ-OH, and then further to the final product DDBQ (Fig. 2 A-C and SI Materials and Methods). To test whether TrCBQ-OH could also be directly converted to DDBQ in the presence of H 2 O 2 , TrCBQ-OH was synthesized according to a published method (15); we found that it was indeed the case ( Fig. 2 D-F) . However, no further reaction was observed between DDBQ and H 2 O 2 . These results suggest that the reaction between TCBQ and H 2 O 2 is a two-step process.
The time course for • OH production by TCBQ∕H 2 O 2 was followed by both ESR with DMPO (5,5-dimethyl-1-pyrroline-Noxide) as the spin-trapping agent, and fluorescent method with coumarin-3-carboxylic acid (3-CCA) as an
• OH probe. Two clearcut phases of • OH production were observed: The first phase is fast, whereas the second is much slower (Fig. 3 A and B) . This demonstrated that two-step • OH could be produced by two-step reactions between TCBQ and H 2 O 2 .
The above results suggested that each step of reaction between TCBQ and H 2 O 2 might produce
• OH and CL, and the secondstep
• OH formation and CL emission should be produced by the reaction of H 2 O 2 with TrCBQ-OH, the transient intermediate produced during the first-step reaction between TCBQ and H 2 O 2 . We found that this was exactly the case: The time course and the emission spectrum of the second-step CL produced by TCBQ and H 2 O 2 were almost the same as compared with that produced by TrCBQ-OH and H 2 O 2 ( Fig. 1F) , and • OH could also be produced by TrCBQ-OH and H 2 O 2 , which is much weaker and slower as compared with the first-step
• OH production by TCBQ∕H 2 O 2 (Fig. 3C ). Similar pH-dependent effects were also observed for both • OH and CL production by TCBQ∕H 2 O 2 ( Fig. 3D ).
Taken together, the above findings showed that the production of • OH by TCBQ∕H 2 O 2 is a two-step process, and the two-step • OH production was correlated well with the two-step CL (Fig. 3F) ; (iii) CL could be produced by TCBQ only with H 2 O 2 , but not with organic hydroperoxides such as tert-butyl hydroperoxide (t-BuOOH) and cumene hydroperoxide (CuOOH) under the same experimental conditions (Fig. S3) , which is consistent with the fact that • OH could be produced by TCBQ only with H 2 O 2 , but not with organic hydroperoxides (only alkoxyl radicals were produced in these cases); and (iv) CL could be produced by H 2 O 2 not only with TCBQ, but also with all other halogenated quinones, but not with non-or methyl-substituted quinones (Fig. S4 ). This is also in agreement with our previous finding that • OH could be produced only by halogenated quinones, but not with non-or methyl-substituted quinones (see ref. 14). To our knowledge, this is a unique report showing that the CL production is well-correlated and directly dependent on • OH formation.
The (Table S1 ). This indicates that other products (other than DDBQ) should be formed, too. However, no other products could be readily identified by MS or HPLC using previously published methods (15, 18) . To solve this problem, qualitative and quantitative analysis of all reaction products from TCBQ∕H 2 O 2 were conducted systematically by complementary applications of multiple analytical methods: GC-MS, Q-TOF-MS-HPLC, and ion chromatography (IC). We found that, unexpectedly, beside DDBQ, three quinone ring-opening products were also formed. The major ring-opening product was identified as dichloromaleic acid (DCMA), and the other two minor ring-opening products were chloromalonic acid (CMA) and oxalic acid (Figs. S5 and S6) . The IC quantitative results showed that the yields of DCMA, CMA, and oxalic acid from TCBQ∕H 2 O 2 were 32.3%, 13.4%, and 12.2%, respectively (Table S1 ). The remaining 32.3% TCBQ was found to be converted to CO 2 (and/or CO) through total organic carbon (TOC) analysis.
DDBQ, CMA, oxalic acid, and CO 2 (and/or CO), but not DCMA, were identified as the final products for the reaction between TrCBQ-OH and H 2 O 2 , and their yields were 33.1%, 17.8%, 21.3%, and 27.8%, respectively ( Fig. S6 and Table S1 ).
In summary, the product analysis showed that H 2 O 2 not only causes the dechlorination and hydroxylation of TCBQ to form TrCBQ-OH and DDBQ, but also causes quinone ring-opening to form DCMA, CMA, oxalic acid, and CO 2 (and/or CO). To our knowledge, this is also a previously uncharacterized report showing TCBQ could decompose to form small-molecule organic acids by H 2 O 2 . It has been suggested that H 2 O 2 -dependent decomposition pathway for halogenated quinones may be important in systems where H 2 O 2 is either used or produced. However, the exact molecular mechanisms underlying such further transformations are not clear. Our findings may provide a unique perspective to understand better such transformation mechanisms during wastewater treatment or remediation processes in which halogenated quinones are formed.
Possible Light-Emitting Intermediates. Chemiluminescence is a phenomenon in which chemically generated molecules in excited states liberate energy with light emission, which is generally accompanied by decomposition of organic peroxides (21) (22) (23) (24) (25) (26) . Based on the luminescent properties of electronically excited product, CL could be divided as direct CL, in which excited product directly exhibits CL, and indirect CL, such as chemically initiated electron-exchange luminescence (CIEEL), in which excited product first transfers the excitation energy to suitable luminescer, and then the electronically excited luminescer emits CL (21) (22) (23) . If the CL production by TCBQ∕H 2 O 2 were through the CIEEL mechanism, the addition of fluorescent agents such as riboflavin or 9,10-diphenylanthracene (DPA) should have marked impact on CL production (21-23). However, no such effect was observed. These results indicate that CIEEL mechanism may not be responsible for the CL production by TCBQ∕H 2 O 2 ; in other words, the CL produced by TCBQ∕H 2 O 2 must be a direct or intrinsic one: Some light-emitting intermediates must be generated during the reaction of TCBQ with H 2 O 2 . The fact that several ring-opening products were formed during TCBQ∕H 2 O 2 reaction also suggests that the process of quinone ring opening might be responsible for generating excited light-emitting species and the corresponding energy required for CL emission.
A class of high-energy four membered-ring peroxides, 1,2-dioxetanes, has been proposed as the critical intermediate in many chemiluminescent reactions (21-24); 1,2-dioxetanes have received a great deal of attention because of their unique ability to decompose thermally into electronically excited carbonyl products. We propose that an unusual quinone 1,2-dioxetane intermediate might be produced during the reaction between TCBQ and H 2 O 2 . The following thermal decomposition of quinone 1,2-dioxetane might generate electronically excited carbonyl-containing compound as light emitter, which emits CL directly. If the above hypothesis were correct, the energy released during the decomposition of quinone 1,2-dioxetane should meet the energy requirement for light-emitter transiting from ground state to excited state. As anticipated, our preliminary thermochemical calculations supported the above hypothesis-the energy released from the decomposition of the proposed quinone 1,2-dioxetane could reach up to 80.2 kcal∕mol (1 kcal ¼ 4.18 kJ), which is sufficient to meet the demand of CL emission of TCBQ∕H 2 O 2 .
To differentiate between singlet-and triplet-excited carbonyl species as the potential light-emitting intermediates, two energy acceptors (DPA and 9,10-dibromoanthracene sulfonate) and three different dyes (fluoresin, eosin, and rose bengal) were used. We found that the CL spectra were not changed by these energy acceptors and dyes, and the CL intensity was not enhanced, but rather inhibited, at high concentrations of them. These results suggest that singlet and triplet species could not be readily differentiated by this approach. Further investigations on this issue are needed for our future studies. the subsequent decomposition of [A] leads to the formation of final products DCMA and CO 2 (and/or CO). The second-step CL could be produced by the transient intermediate TrCBQ-OH with excessive H 2 O 2 through similar pathways, during which DDBQ and other ring-opening products (CMA, oxalic acid, CO 2 and/or CO) would be formed (Scheme S1). However, the second CL exhibits the maximum emission at band 535-555 nm as compared to band 490-535 nm for the first CL. This might be because the light emitter [B]* has an electron-donating hydroxyl group, which caused the second CL to be red shifted to longer wavelength.
To our knowledge, this is a unique report that two-step CL could be produced by tetrahalogenated quinones with H 2 O 2 and that the CL production is directly and specifically dependent on two-step • OH formation. These findings, together with the identification and quantitative analysis of the transient and final products (especially the new ring-opening products), have further confirmed and expanded our previously proposed molecular mechanism for metal-independent production of
Why This CL-Producing System Is Unique. Compared with the previously reported classic CL-producing systems (21) (22) (23) (24) (25) (26) , the TCBQ∕H 2 O 2 CL-producing system in this study showed the following unique characteristics: The two-step CL produced by TCBQ∕H 2 O 2 was directly and specifically dependent on the two-step intrinsic production of • OH, but not on other reactive oxygen species such as superoxide anion radical and singlet oxygen. It should also be noted that the CL produced by TCBQ∕H 2 O 2 could be observed under normal physiological pH, or even under weak acidic conditions, whereas alkaline or strong alkaline conditions are required for the classic luminol and lucigen systems. Also, no fluorescent agents are needed for CL production by TCBQ∕H 2 O 2 , whereas fluorescent agents are frequently required for some classic CL-producing systems (such as peroxalates).
Potential Biological and Environmental Implications. We found that when TCBQ was substituted with other polyhalogenated quinones, analogous
• OH-dependent CL could also be observed (Figs. S2 and S4) . Therefore, our findings may have interesting biological and environmental implications: Many widely used polyhalogenated aromatic compounds, which are considered persistent organic pollutants and probable human carcinogens-including polyhalogenated phenols (such as the ubiquitous wood preservative PCP and the brominated flame-retardant 3,3′,5,5′-tetrabromobisphenol A), Agent Orange, hexachlorobenzene, and polychlorinated biphenyls-can be metabolized in vivo (1) (2) (3) (27) (28) (29) or dehalogenated chemically and enzymatically (4-6) to their corresponding quinones. Recently, polychlorinated quinoid compounds were also identified as new chlorination disinfection byproducts in drinking water (7) and found in discharges from pulp and paper mills (3). These polyhalogenated quinones not only cause oxidative damage to DNA and other macromolecules, but also form protein and DNA adducts both in vitro and in vivo (1) (2) (3) (4) (5) (6) (7) (27) (28) (29) , and therefore are potentially carcinogenic toward mammalian organisms. Therefore, it is important to detect and measure these halogenated quinones and/or their parent compounds both in the environment and in biological systems. It is well-known that CL-based methods are inherently sensitive because of the relative ease with which low light emission can be quantified by photon-counting techniques. The fact that CL could be produced by halogenated quinones∕H 2 O 2 may imply that we can use this unique CL-producing property to detect and measure halogenated quinones. Indeed, we found that as little as 10 nM TCBQ could be quantitatively detected by this new CL method, and the linear range for TCBQ is 0.01 to approximately 100 μM (SI Materials and Methods and Table S2) .
Recently, H 2 O 2 has been increasingly favored in the advanced oxidation processes (AOPs) as an environmentally safe oxidant for remediation of environmental pollutants, such as chlorinated phenols (3-6, 30, 31) . In these "environmentally green" systems, H 2 O 2 is often used at high concentrations. The most reactive radical intermediate formed during AOPs is • OH (29) . Several previous studies showed that PCP could be oxidized and degraded by H 2 O 2 in the presence of certain catalysts through the formation of tetrachloroquinoid intermediates (3) (4) (5) (6) 31) . This suggests that CL could also be produced during PCP degradation by AOPs such as the classic Fenton system, FeðIIÞ-EDTA∕H 2 O 2 . We found that this is indeed the case. We took advantage of this finding and employed this highly sensitive CL method to measure quantitatively trace amounts of halogenated phenols such as PCP, triclosan, and 3,3′,5,5′-tetrabromobisphenol A (SI Materials and Methods, Fig. S7 , and Table S3 ). We found that the detection limit of PCP in the PCP∕FeðIIÞ-EDTA∕H 2 O 2 system is as low as 2.6 parts per billion (ppb), and the linear range for PCP is 8 to approximately 8,000 ppb. This is lower than the PCP concentration level of 40 ppb found in the body fluids of people who are not occupationally exposed to PCP, and much lower than the level of 19,580 ppb in occupationally exposed individuals (3) . Because of the low PCP detection limit, this CL method might be used to measure PCP both in our environment and in biological systems.
Materials and Methods
CL Analysis. The CL produced by halogenated quinones and H 2 O 2 was measured by an ultraweak CL analyzer (Institute of Biophysics, Chinese Academy of Science) with a CR-120 red-sensitive photomultiplier tube (operated at the range of −900 to approximately −1;100 V; Hamamatsu); the CL analyzer was operated in pulse mode. The CL determination was carried out in a 3-mL glass cuvette and started by the injection of halogenated quinones. The CL signal was recorded by a computer equipped with a data-acquisition interface. Data acquisition and treatment were performed with BPCL software. The total intensity of CL was integrated during the whole process for CL measurements. The CL emission spectra were obtained using a set of interference filters with wavelengths from 400 to 640 nm, which were placed between the sample cuvette and the photomultiplier tube. During the determination of CL wavelength, appropriate corrections were applied for both spectral response of the photomultiplier tube and transmissivity of filters.
The Kinetic Study of • OH Formation by Both ESR and Fluorescent Methods. The time courses for • OH formation by TCBQ∕H 2 O 2 and TrCBQ-OH∕H 2 O 2 were monitored by both ESR with DMPO as the spin-trapping agent, and by fluorescence with 3-CCA as an • OH probe. The basic system consisted of 0.1 mM TCBQ (or TrCBQ-OH), 1 mM H 2 O 2 , 100 mM DMPO for ESR study, or 4 mM 3-CCA for fluorescent study, in 0.1 M Chelex-treated phosphate buffer (pH 7.4) at room temperature. ESR spectra were recorded either immediately after the interaction of TCBQ (or TrCBQ-OH) with H 2 O 2 , or at indicated time intervals on a Bruker ER 200 D-SRC spectrometer operating at 9.8 GHz. Fluorescence detection was preformed on a Cary Eclipse (Varian) spectrofluorometer. Samples with 3-CCA as the • OH probe were excited at 388 nm, and the resulting fluorescence was measured at 446 nm.
